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Abstract

We have directly measured, for the first time, the Nb;Sn and Cu loading strains and stresses in 11 T
dipole coil segments upon compressive loading using neutron diffraction. For this purpose a load
frame that enables rotation of the sample load axis with respect to the neutron scattering geometry
was installed in the Stress-Spec beamline at the Heinz Maier-Leibnitz FRM II neutron source. The
neutron diffraction data suggests that the magnet coil wound of Rutherford type cables can be
considered as a fibre reinforced composite material. In the axial load direction the load is mainly
carried by the Nb;Sn filaments and the composite stiffness can be estimated by the rule of mixtures
assuming iso-strain conditions in all composite constituents. Under transverse compression the
fully annealed Cu provides an isotropic pressure around the Nb;Sn filaments. The transverse load
stresses in the Cu and NbsSn are similar, indicating iso-stress behaviour of the coil constituents
under transverse compression. The broadening of the Nb;Sn diffraction peaks above critical stress

values indicates reversible and irreversible Nb;Sn loading stress effects.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The mechanical stress exerted on the coils of superconducting
magnets affects their ultimate performance limits. Reversible
critical current (/) changes of NbsSn conductors are com-
monly ascribed to elastic lattice distortions [1-3]. When the
externally applied load exceeds a critical value, crack formation
in the Nb3Sn filaments causes an irreversible /. degradation [4].
In solenoid magnets the Lorentz forces mainly cause a
tensile stress in the axial conductor direction. The effect of
uniaxial tensile loading on the superconductor strain state and
superconducting properties has been studied extensively, and
the strain state in composite wires and tapes and the load
Original cont(?nt from this work may b_e used um.ier the terms
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transfer among the different conductor constituents could be
measured directly as a function of uniaxial tensile stress [5-9].

In order to keep coil inductance within acceptable limits,
Nb3Sn accelerator magnet coils are wound using high current
Rutherford type cables [10]. A cross section of the 11T
dipole coil made of Nb3;Sn Rutherford cables is presented in
figure 1. The void space between the electrically insulated
cables is filled with an epoxy resin in order to improve the
critical stress levels that the conductor can resist without an
irreversible conductor degradation by filament breakage.

In accelerator magnets [11] like the Nb3;Sn magnets pre-
sently build for the LHC High Luminosity upgrade (HL-LHC)
[12], or those developed for the Future Circular Collider study,
the dominant load case is transverse compressive loading. It is
well known that transverse compressive stress can cause a
strong degradation of the NbzSn superconducting properties
[13]. When the macroscopic transverse compressive stress
exerted at room temperature on a 11 T dipole Rutherford cable

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Metallographic cross section of 11 T dipole coil with six conductor blocks with definition of transverse and radial directions.

(b) Detailed view of a conductor block.

Figure 2. (a) Load frame mounted in Eulerian cradle in the Stress-Spec beamline in horizontal measurement position. (b) Nb3;Sn Rutherford
cable stack mounted for a compression test with the extensometer attached.

exceeds about 150 MPa the conductor is permanently degra-
ded, presumably due to cracking of the brittle NbsSn fila-
ments [14].

A detailed understanding of the stress—strain behaviour of
the conductor blocks and their constituent materials under
superconducting accelerator magnet assembly and operating
conditions is required to better understand the degradation
mechanisms, and to further optimise the conductor and
magnet design. So far, the Nb;Sn strain and stress state
evolution in magnet coils during application of an external
load is not well known, and the stress—strain behaviour of
conductor blocks has often been modelled using estimated
average isotropic material properties [15].

State-of-the-art neutron scattering facilities like the
Stress-Spec strain scanner at the FRM II neutron source [16]
enable direct residual and applied strain measurements in
accelerator coil segments. Previously we reported on residual
Nb;Sn strain remaining in 11 T NbzSn dipole magnet coil
segments after magnet cold testing and disassembly [17]. In
this article we report, for the first time, on a direct measure-
ment of the effect of externally applied transverse and axial
compressive stress on the internal strain and stress state in the
different composite coil constituents.

2. Experimental

2.1. The samples

The samples studied are stacks made of ten reacted Nbs;Sn
Rutherford cables used for the 11 T dipole coils (so-called
ten-stack samples). The 11 T dipole cables with a nominal
width of 14.7mm and a mid-thickness of 1.25 mm, are
stacked alternatingly in order to compensate for the keystone
angle of 0.79° [10]. The Rutherford cables are made of 40
Restacked-Rod Process (RRP) type NbzSn strands from
Oxford Instruments Superconducting Technology, now Bru-
ker-OST. The Nb;Sn heat treatment was performed with a
ramp rate of 50°Ch™" and comprised three isothermal pla-
teaus of 210°C-48h, 400°C-48h and 665°C-75h. The
cables with a 25 pum thick stainless steel core are surrounded
by a 0.15 mm thick cable insulation made of a mica tape and
S2/E-glass fibre. A non-impregnated and an impregnated
cable stack were used for the experiments in the transverse
and axial load directions, respectively. The height of the non-
impregnated and impregnated ten-stack samples was 16.6 mm
and 15.6 mm, respectively. For more information about the
samples see [18].
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Figure 3. (a) Nb3Sn (321) and (b) Cu (220) loading strains and (c) NbzSn (321) and (d) Cu (220) stresses in non-impregnated 11 T dipole
cable stack as a function of externally applied transverse compressive stress. Circled data points show the residual strain when the external

stress is released.
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Figure 4. Comparison of Nb3Sn (321) and Cu (220) loading stress evolution in (a) transverse, (b) axial and (c) radial directions as a function
of externally applied transverse compressive stress. Circled data points show the residual strain when the external stress is released.

2.2. Loading strain measurements

Loading strains were measured at ambient temperature in situ
under a neutron beam as a function of externally applied
stress. Compressive stresses were applied either in the trans-
verse or in the axial direction using a load frame combined
with an Eulerian cradle that enables rotation of the sample
load axis with respect to the scattering geometry (figure 2).
The maximum force that can be applied with the load frame is
50kN, corresponding to a maximum compressive stress of
220 MPa on the samples with a cross section of 225 mm?. The

effect of friction on the stress—strain results was limited by
adding lubricant (PTFE spray) on the sample to pressing tool
contact surfaces. In order to limit buckling effects, the sample
height does not exceed the sample width. Force measure-
ments were performed with an HBM Type 03 50 kN load cell,
and the sample strain was measured with an Instron 2620-602
extensometer with a gauge length of 13.1 mm (figure 2).
All experiments were started with a compressive preload
of about —0.2 kN, corresponding with a pre-stress of about
1 MPa. Measurements were performed with applied stress
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Figure 5. Nb3Sn (321) diffraction peak width evolution as a function
of externally applied transverse compressive stress. Circled data
points show the residual strain when the external stress is released.

steps of 15 MPa, and the load rate between the stress plateaus
was always SONs .

A bent Si (400) monochromator provides a neutron beam
with an approximate wavelength of \ = 1.672 A. Lattice
strain measurements were performed in the assumed principal
stress directions, which are in the following referred to as
axial, radial and transverse directions. The transverse direc-
tion corresponds to the azimuthal direction in a coil. A dif-
fraction angle range 70.5° < 20 < 83.5° was recorded, and
the Nb3Sn (321) and Cu (220) reflections were fitted by
Gaussian functions. In addition to the pure Cu stabiliser, the
reacted RRP type conductor contains a-bronze in the Nb3Sn
subelement cores. Because of the Sn in solid solution the Cu
lattice parameter of a-bronze is larger than the pure Cu lattice
parameter, and both diffraction peaks could be distinguished
in the experiment. Only the pure Cu diffraction peak has been
fitted and taken into account in the elastic strain calculations.

Previous stress dependent synchrotron x-ray diffraction
measurements where a large d-spacing range could be
recorded [6] have shown that the NbszSn (321) reflection
represents the overall Nb;Sn strain behaviour well. In face-
centred cubic materials like Cu the effect of intergranular
stresses on peak position is comparatively strong on (200)
reflexes [19], therefore, these peaks have been avoided. Prior
to peak fitting the diffractograms were corrected for the
detector efficiency using incoherent scattering from a vana-
dium scan. The diffraction angles are an average inside the
analysed gauge volume of nominally 5 x 5 x 5mm®, which
is defined by a 5 x 5 mm? slit that shapes the beam and by a
radial collimator in front of the detector. The acquisition time
for the recording of the Nb;Sn (321), and Cu (220) diffraction
peaks in the three directions is about 45 min per measurement
point. The main Nb (100) peak is not present in this config-
uration (beam parallel to wire drawing axis) because of the
strong Nb texture [20].

The NbsSn and Cu loading strains &, in the transverse,
axial, and radial directions have been determined from the

NbsSn (321) and Cu (220) scattering angles 6, according to

equation (1). The assumed stress free scattering angles are

2600 Nb3Sn(321) = 72.783° and 26, Cu(220) = 81.937°.
dii — dojwt_ sin(Ooa)

Enkl = = — L. (D
do it sin(Oni)

2.3. Loading stress calculations

Loading stresses have been calculated according to equation (2),
assuming that the transverse, axial and radial directions are the
principal stress directions in the sample, and that there are no
shear stresses. Nb3Sn (321) and Cu (220) elastic constants (Ejy)
and Poisson ratios (14,;) have been calculated from single crystal
elastic constants [21, 22] using the Kroner coupling model [23]
for the interaction between crystallites (Enpasni21) = 131 GPa,
UNb3sn(321) = 0.363,Ecu(220) = 138.9 GPa, Vcu(220) = 0333)

E
hkl ( e+ Vhki
1+ v 1 — 2vpy

0ii =

(11 + e + 533))~ )

3. Results

3.1. Transverse compression

The evolution of the Nb3;Sn and Cu loading strains and
stresses in a non-impregnated 11 T dipole cable stack in the
three principal directions are presented in figure 3. Before
application of external stress, Nbs;Sn is under slight axial
compression and Cu under slight axial tension. This is the
result of the thermal expansion mismatch of the different
conductor constituents during cooling from the Nb;Sn pro-
cessing temperature of 650 °C. Upon application of external
transverse pressure, a similar compressive Cu loading stress
evolution is observed in the three principal directions
(figure 3(d)). The transverse Cu pressure in the axial and
radial directions imposes an axial and radial tensile stress on
the Nb3Sn filaments (figure 3(c)).

In figure 4 the Nb3Sn and Cu loading stresses in the non-
impregnated 11T dipole cable stack are compared. In the
transverse direction (i.e. the loading direction), the Nb3Sn and
Cu stress evolutions are nearly identical, and the transverse
stresses increase linearly with increasing external pressure.
This indicates that the composite exhibits iso-stress behaviour
when it is loaded perpendicularly to the filament (wire)
direction. The Nb3Sn and Cu loading stress increase is about
20% higher than the external pressure increase. This differ-
ence can be partly explained by the presence of about 25%
porosity in the sample that does carry load. When the external
load is released the transverse Nbs;Sn and Cu stresses are
almost completely relaxed as well. In the radial direction
Nb3Sn and Cu stresses have similar magnitude, Nb3Sn being
in tension and Cu in compression. In the axial direction the
higher Nb3Sn tensile stress with respect to the Cu compres-
sive stress can be explained by a comparatively smaller
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Figure 6. (a) Nb3Sn and (b) Cu loading stresses in an impregnated cable stack as a function of axial compressive stress. Circled data points

show the residual strain when the external stress is released.
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Nb3Sn cross section with respect to the Cu cross section.
When the external transverse pressure is released the axial and
radial stresses are only partly released.

The Nbs;Sn loading stresses shown above are average
values inside the gauge volume. The maximum Nb;Sn stresses
are likely higher, as indicated by the Nbs;Sn diffraction peak
broadening when the external load is increased (figure 5).
Nb;Sn diffraction peak broadening indicates that the strain
inhomogeneity increases, which occurs first in the transverse
and radial directions. When the external transverse pressure on
the non-impregnated cable stack exceeds 130 MPa, Nb;Sn
(321) peak broadening is also observed in the axial direction.

3.2. Axial compression

Figure 6 presents the Nb;Sn and Cu loading stress evolution in
an impregnated 11 T dipole cable stack under axial compressive
loading. At 150 MPa externally applied axial pressure the axial
NbsSn (321) and Cu (220) loading stresses are about 300 MPa

and 100 MPa, respectively. This stress evolution is compatible
with the assumption of iso-strain conditions when the conductor
is loaded in the wire and NbsSn filament direction.

The assumption of iso-strain conditions is further confirmed
by the comparison of the macroscopic sample strain measured
with an extensometer, and the Nb;Sn filament strain determined
from the NbsSn diffraction angles (figure 7(a)). Under axial
loading the radial and transverse lattice parameter changes can
be explained almost entirely by the Poisson effect (figure 7(b)).

4. Discussion and conclusion

Thanks to the combined stress—strain and NbsSn filament and
Cu matrix lattice parameter measurements, a detailed under-
standing of the stress—strain behaviour of the conductor
blocks in superconducting accelerator magnets has been
obtained. The neutron diffraction results suggest that the



Supercond. Sci. Technol. 32 (2019) 045011

C Scheuerlein et al

magnet coil wound of Rutherford type cables can be con-
sidered as a fibre reinforced composite material, which
exhibits strongly anisotropic mechanical properties.

In the axial load direction, the coil block stress—strain
behaviour can be predicted assuming iso-strain conditions in
all composite constituents. This is consistent with the directly
measured axial stiffness of an 11T dipole cable stack of
94 GPa [18], and the stiffness calculated according to the rule
of mixtures from the constituent E-moduli, Ey;. = 126 GPa
[24] and E.poxy = 4 GPa.

In axial load direction the load is mainly carried by the
NbsSn filaments because the annealed Cu cannot carry high
loads (at 150 MPa externally applied axial pressure the axial
Nb3Sn (321) loading stress is about 300 MPa).

Under transverse pressure the annealed Cu in the coil, which
has a proof stress of R, = 50 MPa [25], exhibits an isotropic
compressive stress around the filaments. The transverse load
stresses in the Cu and NbsSn are similar, indicating iso-stress
behaviour of the coil constituents under transverse compression.

The results presented here are a new opportunity to
validate finite element models and to simulate the mechanical
and electromechanical behaviour of Nb3Sn accelerator magnet
coils in more realistic conditions than has been possible so far.
Under transverse compression the epoxy impregnation can
reduce the NbzSn loading stresses. However, assuming iso-
stress behaviour, the elastic properties of the impregnation
material should not strongly influence the Nb;Sn coil stiffness.

The load case of transverse compression of unconstrained
cable stacks is not fully representative for the mechanical load-
ing in magnets, where the coils are constrained in the axial and
radial directions. However, the three main results of this study,
iso-strain conditions in axial load direction, iso-stress conditions
in transverse compression and the isotropic compressive stress
distribution in the annealed Cu, are valid for magnets too.

Acknowledgments

This work was supported by the European Commission under
the FP7 project HiLumi LHC under Grant GA 284404, co-
funded by the DoE, USA and KEK, Japan.

Part of this work is based upon experiments performed at
the Stress-Spec instrument operated by FRM 1I at the Heinz
Maier-Leibnitz Zentrum (MLZ), Garching, Germany.

ORCID iDs

C Scheuerlein © https: j/orcid.org/0000-0002-8512-7187

References

[1] Ekin J W 1980 Strain scaling law for the flux pinning in
practical superconductors. Part 1: basic relationship and
application to Nb;Sn conductors Cryogenics 20 611

(2]

(3]
(4]

(3]

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Fliikiger R, Schauer W, Specking W, Oddi L, Pintschovius L,
Miillner W and Lachal B 1982 The phase relationships in
Nb;Sn wires at low temperatures as detected by
crystallographical (neutron and x-ray diffraction) and by
physical [Bc2(T), Jc versus €] measurements Adv. Cryog.
Eng. Mater. 28 361

ten Haken B, Godeke A and ten Kate H H J 1995 IEEE Trans.
Magn. 5 1909-12

Sanabria C, Lee P J, Starch W, Pong I, Vostner A, Jewell M C,
Devred A and Larbalestier D C 2012 Evidence that filament
fracture occurs in an ITER toroidal field conductor after
cyclic Lorentz force loading in SULTAN Supercond. Sci.
Technol. 25 075007

Scheuerlein C, Stuhr U and Thilly L 2007 In-situ neutron
diffraction under tensile loading of powder-in-tube Cu/Nb;Sn
composite wires: effect of reaction heat treatment on texture,
internal stress state and load transfer Appl. Phys. Lett. 91
042503

Muzzi L, Corato V, della Corte A, De Marzi G, Spina T,
Daniels J, Di Michiel M, Buta F, Mondonico G and
Seeber B 2012 Direct observation of Nbs;Sn lattice
deformation by high-energy x-ray diffraction in internal-tin
wires subject to mechanical loads at 4.2 K Supercond. Sci.
Technol. 25 054006

Osamura K, Machiya S, Harjo S, Nakamoto T, Cheggour N and
Nijhuis A 2015 Local strain exerted on Nb;Sn filaments in an
ITER strand Supercond. Sci. Technol. 28 045016

Scheuerlein C et al 2014 Stress distribution and lattice
distortions in Nb3Sn/Cu multifilament wires under uniaxial
tensile loading at 4.2 K Supercond. Sci. Technol. 27
044021

Bjoerstad R, Scheuerlein C, Rikel M O, Ballarino A, Bottura L,
Jiang J, Matras M, Sugano M, Hudspeth J and Di Michiel M
2015 Strain induced irreversible critical current degradation
in highly dense Bi-2212 round wire Supercond. Sci.
Technol. 28 062002

Kelly U, Richter S, Redenbach C, Schladitz K, Scheuerlein C,
Wolf F, Ebermann P, Lackner F, Schoerling D and Meinel D
2018 3D shape and cross sectional inhomogeneity of Nb3;Sn
superconducting wires in Rutherford cables IEEE Trans.
Appl. Supercond. 28 4800705

Bottura L, de Rijk G, Rossi L and Todesco E 2012 Advanced
accelerator magnets for upgrading the LHC IEEE Trans.
Appl. Supercond. 22 4002008

Bruening O and Rossi L (ed) 2015 The High Luminosity Large
Hadron Collider (Singapore: World Scientific)

Ekin J W 1987 Effect of transverse compressive stress on the
critical current and upper critical field of Nbs;Sn J. Appl.
Phys. 62 4829

Ebermann P et al 2018 Irreversible degradation of Nbs;Sn
Rutherford cables due to transversal compression stress at
room temperature Supercond. Sci. Technol. 31
065009

Pan H, Anderssen E, Ambrosio G, Cheng D W, Juchno M,
Ferracin P, Felice H, Perez J C, Prestemon S O and
Vallone G 2017 Mechanical design studies of the MQXF
long model quadrupole for the HiLumi LHC [EEE Trans.
Appl. Supercond. 27 4004105

Hofmann M, Schneider R, Seidl G A, Rebelo-Kornmeier J,
Wimpory R C, Garbe U and Brokmeier H-G 2006 The new
materials science diffractometer STRESS-SPEC at FRM-II
Physica B 385-386 10357

Scheuerlein C, Di Michiel M, Hofmann M, Lorentzon M,
Lackner F, Fliikiger R, Savary F and Bottura L 2017
Residual strain in the Nb3;Sn 11 T dipole magnet coils for
HL-LHC Supercond. Sci. Technol. 30 125002

Wolf F, Lackner F, Hofmann M, Scheuerlein C,

Schoerling D and Tommasini D 2019 Effect of epoxy


https://orcid.org/0000-0002-8512-7187
https://orcid.org/0000-0002-8512-7187
https://orcid.org/0000-0002-8512-7187
https://orcid.org/0000-0002-8512-7187
https://doi.org/10.1016/0011-2275(80)90191-5
https://doi.org/10.1088/0953-2048/25/7/075007
https://doi.org/10.1063/1.2766685
https://doi.org/10.1063/1.2766685
https://doi.org/10.1088/0953-2048/25/5/054006
https://doi.org/10.1088/0953-2048/28/4/045016
https://doi.org/10.1088/0953-2048/27/4/044021
https://doi.org/10.1088/0953-2048/27/4/044021
https://doi.org/10.1088/0953-2048/28/6/062002
https://doi.org/10.1109/TASC.2018.2791637
https://doi.org/10.1109/TASC.2012.2186109
https://doi.org/10.1063/1.338986
https://doi.org/10.1088/1361-6668/aab5fa
https://doi.org/10.1088/1361-6668/aab5fa
https://doi.org/10.1109/TASC.2016.2642169
https://doi.org/10.1016/j.physb.2006.05.331
https://doi.org/10.1016/j.physb.2006.05.331
https://doi.org/10.1016/j.physb.2006.05.331
https://doi.org/10.1016/j.physb.2006.05.331
https://doi.org/10.1016/j.physb.2006.05.331
https://doi.org/10.1088/1361-6668/aa8fae

Supercond. Sci. Technol. 32 (2019) 045011

C Scheuerlein et al

volume fraction on the stiffness of Nb3Sn Rutherford cable
stacks IEEE Trans. Appl. Supercond. accepted (https://doi.
org/10.1109/TASC.2019.2899497)

[19] Hutchings M T, Withers P J, Holden T M and Lorentzen T
2005 Introduction to the Characterization of Residual
Stress by Neutron Diffraction (Boca Raton, FL: CRC
Press)

[20] Scheuerlein C, Arnau G, Alknes P, Jimenez N, Bordini B,
Ballarino A, Di Michiel M, Thilly L, Besara T and Siegrist T
2014 Nb3Sn texture in state-of-the-art multifilamentary
superconducting wires Supercond. Sci. Technol. 27
025013

[21] Keller K R and Hanak J J 1966 Lattice softening in single
crystal Nb;Sn Phys. Lett. 21 2634

[22] Wern H, Johannes R and Walz H 1998 Dependence of the
x-ray elastic constants on the diffraction plane Phys. Status
Solidi b 206 545-57

[23] Kroner E 1958 Berechnung der elastischen Konstanten des
Vielkristalls aus den Konstanten des Einkristalls® Z. Phys.
151 504-18

[24] Scheuerlein C, Fedelich B, Alknes P, Arnau G,
Bjoerstad R and Bordini B 2015 Elastic anisotropy in
multifilament Nb;Sn superconducting wires IEEE Trans.
Appl. Supercond. 25 8400605

[25] Scheuerlein C, Lackner F, Savary F, Rehmer B, Finn M and
Uhlemann P 2017 Mechanical properties of the HL-LHC 11
Tesla Nb3;Sn magnet constituent materials /EEE Trans.
Appl. Supercond. 27 4003007


https://doi.org/10.1109/TASC.2019.2899497
https://doi.org/10.1109/TASC.2019.2899497
https://doi.org/10.1088/0953-2048/27/2/025013
https://doi.org/10.1088/0953-2048/27/2/025013
https://doi.org/10.1016/0031-9163(66)90805-5
https://doi.org/10.1016/0031-9163(66)90805-5
https://doi.org/10.1016/0031-9163(66)90805-5
https://doi.org/10.1002/(SICI)1521-3951(199804)206:2<545::AID-PSSB545>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3951(199804)206:2<545::AID-PSSB545>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3951(199804)206:2<545::AID-PSSB545>3.0.CO;2-J
https://doi.org/10.1007/BF01337948
https://doi.org/10.1007/BF01337948
https://doi.org/10.1007/BF01337948
https://doi.org/10.1109/TASC.2014.2371693
https://doi.org/10.1109/TASC.2016.2638046

	1. Introduction
	2. Experimental
	2.1. The samples
	2.2. Loading strain measurements
	2.3. Loading stress calculations

	3. Results
	3.1. Transverse compression
	3.2. Axial compression

	4. Discussion and conclusion
	Acknowledgments
	References



